) at a depth of 1 m, which is consistent with the results in cold and dry winter reported in the literature. In contrast, soil radon decreasing with decreasing soil temperature from mid-September (5.0 kBq m 
Introduction
Soil radon has been measured extensively in various places in the world not only to evaluate possible radiation hazard to the general public (Hopke et al. 2000; Yu and Kim 2004; Darby et al. 2005; Krewski et al. 2005) but to study physical processes in lower atmosphere (Ghosh et al. 2009; Etiope and Martinelli 2002) . Analytical results are very important as primary data source for radiation protection and geophysical exploration. However, there are many factors affecting soil radon concentration, such as atmospheric pressure, temperature and humidity in the environment. Among various factors influencing soil radon variability, atmospheric (soil) temperature was found to be predominant under a cool-temperate deciduous stand in Sapporo, Japan (Fujiyoshi et al. 2002 (Fujiyoshi et al. , 2005 (Fujiyoshi et al. , 2006 (Fujiyoshi et al. , 2010 . Regular diurnal variation in soil radon concentration was disturbed by approaching low-pressure front and subsequent precipitation in three seasons except for winter.
There are not abundant data on the behavior of soil radon under snowpack in winter, which is often hampered by accessibility to remote observation sites. It has been believed that soil radon level is higher in winter than in summer due to a frozen top soil covered with snow (Winkler et al. 2008; Ershaidat et al. 2009 ). However, a different result to theirs was obtained in our previous measurements of 222 Rn concentration in soil air under snowpack in winter, in which the 222 Rn level was relatively low with smaller variability compared to those in summer (Fujiyoshi et al. 2002 (Fujiyoshi et al. , 2010 . There is a report by Perrier et al. (2009) who monitored radon concentration in the saturated soil of Alpine grassland at altitudes of 1,590 and 1,792 m asl in winter. They found opposite seasonal variations of radon concentration at a depth of 70 cm between the two sites, which was ascribed to two types of water infiltration. It is, therefore, possible to find another behavior of radon under snowpack in winter.
Since the source of radon gas is exclusively below the ground surface, elucidating behavior of radon in snow R. Fujiyoshi (&) Á M. Okabayashi Á Y. Sakuta Á K. Okamoto Á T. Sumiyoshi Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan e-mail: fuji@eng.hokudai.ac.jp and pore space of snow as well as in soil air in winter provides valuable information on (1) the source term of radon as a tracer of air mass movement in the lower atmosphere, (2) primary data on evaluating radiation dose by radon and its progenies, and possibly (3) transportation of other components of soil air including CO 2 under snowpack in winter (Fujiyoshi et al. 2010) .
The purpose of the present study is to compare the results of soil radon monitoring in winter under cool-temperate deciduous stands at two different geological locations (Tomakomai and Sapporo) in Hokkaido, Japan, and to find possible reason(s) for the winter low in soil 222 Rn concentration in Sapporo by measuring 222 Rn concentration in snow and in snow air.
Experimental procedure
Description of the sites Figure 1 shows a location map of the sites (Tomakomai and Sapporo) in Hokkaido Japan. Table 1 summarizes some data on geography, geology and meteorology of these sites.
Tomakomai Experimental Forest of Hokkaido University is located in Tomakomai City (42.40°N, 141.36°E) with 2.715 9 10 7 m 2 in area. The forest belongs to the cooltemperate deciduous stand of several tree species such as Japanese Larch (Larix kaempferi), Sakhalin Fir (Abies sachalinensis) and Sakhalin Spruce (Picea glehnii). Most of the area is covered by immature volcanic soil derived from an active volcano (Mt. Tarumae) located about 20-km northwestern direction from Tomakomai city. Mean annual temperature is 6.4°C and annual precipitation is about 1,200 mm. Snowfall is relatively low about 40 cm in depth at most, which includes soil freezing during winter.
Another site Sapporo was located on the campus of Hokkaido University of a semi-natural deciduous stand (43.08°N, 141.38°E) ( Fig. 1 ; Table 1 ). Predominant tree species are poplar (Populus), white birch (Betula platyphylla), oak (Quercus crispula) and elm (Ulmus davidiana var japonica). Geology of the site is alluvial sediments from Kotoni River. A dark-green clay layer appeared at a depth of 40-50 cm. Mean annual temperature is 6-9°C and annual precipitation is 800-1,600 mm. Maximum snow depth is higher in Sapporo (*100 cm) than that in Tomakomai (20-50 cm).
http://www.hokudai.ac.jp
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Soil properties
Several soil properties were investigated including dry density, porosity, humidity, ignition weight loss and pH. Data on dry density, humidity and porosity of a sample were obtained in the laboratory by a standard procedure (Japanese Society of Soil Science and Plant Nutrition 1997) ( Table 2 ). Ignition weight loss of a sample was obtained after heating at 500°C for 2 h. Soil pH was measured in the field using a pH meter (HI 99121, HANNA Instruments, USA).
Gamma spectrometry
Radioactivity of 226 Ra in soil was determined by gamma spectrometry with a HPGe system (SEIKO EG and G, Japan). Standard reference materials (IAEA 327 and IAEA-444) were used to evaluate the activity concentration of individual samples from counting data obtained with the same geometry under identical operating conditions. Energy and efficiency calibrations were periodically carried out as well as checking background concentration. Precision of the measurement was estimated by considering the photo peak areas for both samples and standards. Interference of 235 U emitting photons with similar energy to that of 226 Ra was not considered, because there were no other peaks assigned to 235 U on the spectrogram. The minimum detectable activity (MDA) of 226 Ra was 0.7 Bq for a sample (*100 g) in a plastic container (100 cm 3 ) for 40-h counting time in our counting system (Fujiyoshi et al. 2010) .
Soil air sampling and 222 Rn measurement Activity concentration of 222 Rn in soil air was monitored every 1 h with a silicon detector (Barasol, Algade, France) at a depth of 30 cm in winter. The probe was set at a depth of 100 cm in other seasons. Soil temperature and barometric pressure were also measured with this probe. The sensitivity of the detector was declared as 0.02 pulses h -1 for 1 Bq m -3 with energy resolution of 60 keV for alpha particles emitting from 222 Rn (5.47 MeV) . Appropriate temperature for the measurement was ranging from -20 to 60°C according to the manufacture. Scintillation cell (300A, Pylon, Canada) and a radiation monitor (Model AB-5, Pylon, Canada) were used to measure 222 Rn concentration in snow air collected from pore space of the snowpack. Air was carefully collected with an evacuated scintillation cell (3.5 9 10 -2 hPa) from a hole (2.5 cm in diameter and variable depth) dug in the snowpack. Depth of the hole was adjusted as close to the ground surface as possible. Air samples were kept in the laboratory for about 3 h to allow the radon daughters being in equilibrium with the parent radon gas in the cell (Neznal et al. 2004) .
Activity concentrations of 222 Rn in snow samples were determined with a liquid scintillation technique. A snow sample was collected in a Büchner funnel (1 L) from a snow layer close to the ground surface (within 5 cm in thickness from the ground). After measuring the weight of the snow sample, 40 ml of a scintillator (Ecoscint O, National Diagnostics, USA) was added to the container to melt it in a water bath at 80°C. The sealed funnel was then shaken vigorously with a mechanical shaker for 10 min. Liquid scintillation counting was conducted on an aliquot of the solution (20 ml) in a vial with a scintillation counter (LSC-5000, ALOKA, Japan). Activity concentration of 222 Rn was determined by an efficiency-tracing method (ALOKA 2007) in which the plots of counting data obtained within several window ranges were extrapolated to the whole window (y axis) to find the value with 100 % count efficiency.
Results and discussion
Tomakomai experimental forest Table 2 summarizes some of the soil properties under Tomakomai experimental forest investigated in this study. The soil was characterized as an immature soil of volcanic ash emitted from an active volcano (Mt. Tarumae) located about 20-km northwest direction from the site. The uppermost part of the soil was covered with an organic layer of about 5 cm in thickness. Laminar structures of volcanic ash with different color and grain size were observed at deeper portion of the soil resulting in high porosity of the soil (Table 2 ). Figure 2 shows time series plots of 222 Rn activity concentration in soil air measured at a depth of 100 cm in winter months of -2011 (November 13, 2010 to March 18, 2011 . Soil temperature decreased continuously from November (*11°C) to March (*3.5°C) at this depth, whereas atmospheric temperature was relatively high (7-12°C) in November, but it suddenly decreased in mid-December when snow fall started on December 18, 2010.
As shown in Fig. 2 , soil radon concentration was quite low (mean value 570 Bq m -3 ) at a depth of 100 cm in the whole winter 2010-2011. The low radon level in Tomakomai soil is supported by low 226 Ra concentration (\10 Bq kg -1 ) in soil with high porosity (74 % at maximum) as shown in Table 2 . It should be noted that mean 222 Rn concentration was found to be higher in persisting snow (560 Bq m -3 ) from November 18, 2010 to March 6, 2011 than that in other seasons of the year (350 Bq m -3 ). Soil radon measurements with an alpha scintillation technique confirmed the low radon level in summer (mean value; 260 Bq m -3 ) in the Tomakomai site (Vaupotič et al. 2012) . These results are consistent with those obtained in other countries of cold climates, in which the soil radon levels become high due to frozen ground surface and thick snowpack (Winkler et al. 2008) . Similar winter high of 222 Rn was also observed at a Mediterranean test site (Valle della Caffarella) in Italy where the activity concentration was 100-200 and 40-160 kBq m -3 at a depth of 80 cm in winter and in summer, respectively (Castelluccio et al. 2010) . According to them, the soil is drier, warmer and more permeable in summer than in winter, which causes lower concentrations in summer. Similar high-low relation was observed in the Tomakomai site to theirs. But underlying reason may be different, in which their result rather indicates low radon concentration in summer due to Mediterranean weather conditions, while the result of this study indicates rather low concentration in winter due to frozen surface in dry and cold winter.
Semi-natural woods on the campus of Hokkaido University in Sapporo
Another monitoring site located on the campus of Hokkaido University was of alluvial sediments from Kotoni River in Sapporo under a cool-temperate deciduous stand. Table 2 summarized some of the soil properties, in which the total porosity decreased with depth reflecting increasing amount of clay minerals in the soil. Clay was a major component of the soil deeper than 50 cm in depth. The highest value of soil pH at the soil surface (pH = 5.0) decreased to a value of about 4.6 in the clay layer at a depth of 50 cm.
The first snowfall was observed relatively earlier in November 8, 2011 than the past years, which resulted in a persisting snow of a few centimeter in depth till early December due to stable weather condition with continuing low temperature around 0°C. Snow depth increased gradually to be a maximum value of 77 cm in February 2012. Figure 3 shows the time series 222 Rn activity concentrations in soil air at a depth of 30 cm during winter months from 2011 to 2012. The activity concentration varied from 1.0 to 4.5 kBq m -3 with a mean value, 2.6 kBq m -3 . Soil radon levels were appreciably lower in winter than those in summer (5.0 kBq m -3 ), which had already been found in our previous study (Fujiyoshi et al. 2010) . Soil temperature at a depth of 30 cm remained constant about 0°C, which may result in small variability of 222 Rn concentration under the snowpack from January to March. Soil radon level gradually increased with increasing atmospheric temperature in the end of March (Fujiyoshi et al. 2010) .
Similar low radon level in winter was observed at the Sur-Frêtes ridge (French Alps) in France (Perrier et al. 2009 ). They monitored radon in soil at a depth of 70 cm of two points (summit and bottom of a ridge) from 1995 to 1999 to find low values in winter with fluctuations associated with temperature variations at the bottom of the ridge. They evaluated the radon variations caused by two types of water infiltration using a mixing model, in which one slow infiltration, rich in radon occurred for days, and then the other slow one coming from melting snow occurred for a month. This resulted in low radon concentration in winter at the bottom of the ridge.
However, it is usually known that the radon concentration is higher in winter than in summer as reported by Winkler et al. (2008) . They investigated seasonal fluctuations of soil radon at two different depths (0.5 and 1.0 m) in an open glass land in Germany. They found maximum concentrations of 222 Rn in winter months with 6-50 and 8-34 kBq m -3 at the depths of 0.5 and 1.0 m, respectively. According to them, radon concentration in 0.5-m depth was consistently higher than that in 1.0-m depth, which could be explained by the depth-concentration profiles of 226 Ra with the highest value of 100 kBq kg -1 in the top soil layer and low (about 25 Bq kg -1 ) in the deeper portion, because radon cannot easily escape to the atmosphere due to the frozen top soil.
To elucidate possible reasons for low radon level in winter observed in our site both snow and air in snow were carefully collected from the bottom layer of the snowpack to determine 222 Rn activity concentrations with a solid (ZnS) scintillation and a liquid scintillation counters, respectively. The results are tabulated in Table 3 in which thickness of the snowpack on the sampling day was also included. As shown in the table, 222 Rn concentration in snow on the basis of melted water volume (1 dm 3 ) varied from a value lower than the detection limit of our counting system (0.02 Bq dm -3 ) to that of 1.20 Bq dm -3 . The result indicates that radon in soil air may partially dissolve in aqueous phase present in the snowpack close to the ground surface, since the solubility of 222 Rn in water is 0.5 cm 3 /cm 3 (H 2 O) at 0°C. Winter low of soil radon level may be explained by a water-soluble property of radon gas, because it is likely to occur in our site free from the frozen subsoil close to the ground surface even in mid-winter. It should be noted that this is a distinct contrast to the soil in Tomakomai which is completely frozen down to a depth of about 30-40 cm in winter.
The results in Table 3 show that the 222 Rn concentrations in snow air were 2-6 times higher than those in snow itself except for the one case resulting in an exceptionally high 222 Rn concentration (547 Bq m -3 ) on January 27, 2012. Similar anomaly to those with high radon value (2013) 70:1159-1167 1163 (2.2 kBq m -3 ) was also observed in the same site on April 7, 2011, when the snow on the ground was finally disappearing. The results together with the bulk density of snow samples suggest that there is a lot of pore space in snow to trap radon gas within. It is, therefore, considered that analytical results on 222 Rn concentration in snow may refer partly to radon contained in its pore space. Radon in soil air is not confined within the soil but to be released to the overlying snowpack. Sudden output of radon may sometimes occur under certain conditions not to be elucidated in this study.
Radon concentration in snow is affected by many factors. Yamazawa et al. (2005) measured radon concentrations in snow pore to find that they were highly variable depending on the wind conditions with values between 0.5 and 4.0 kBq m -3 at the middle of the snowpack of 1.22 m in depth. Without data on wind speed at our site but with those from Sapporo District Meteorological Observatory (Japan Meteorological Agency 2012; http://www.jma-net.go.jp/ sapporo/), no special relationship was obtained between 222 Rn in snow and wind speed in this study. However, as shown in Fig. 4 , radon concentration in pore space of snow was found to increase linearly with increasing atmospheric temperature during the observation period in January 2012. These results may be due to relatively stable weather condition without strong wind in this period. Local weather conditions should be observed to evaluate the possible relationships between radon and meteorological parameters further in detail.
Transport of 222 Rn in soil air under snowpack in winter Transport of 222 Rn in soil under snowpack in winter was considered using data on 222 Rn activity concentrations in soil air, snow and pore space of snow obtained in this study. As shown in Fig. 3 , 222 Rn concentrations in soil air were lower and varied to a lesser extent in winter than in summer with the mean value of 2.6 kBq m -3 during persisting snow. The difference of mean 222 Rn concentration in summer and in winter is supposed to be attributable to changing water-filled porosity in soil which affects emanation coefficient of 222 Rn as well as other factors including the parent nuclide, 226 Ra content (Khan et al. 2012) . The depth-distribution profile of 226 Ra activity concentration was found to be independent of the season, in which the concentration increased with increasing soil depth from *14 Bq kg -1 (top soil) to *20 Bq kg -1
(40 cm in depth). Changing water-filled porosity with time affects 222 Rn emanation and subsequent radon transport, which further results in varying soil radon flux to the ground surface (Fujiyoshi et al. 2005) . With respect to radon emanation in soils, Sakoda et al. (2011) reviewed the results of emanation measurements for various geological materials including soils in the world to conclude a representative value of 222 Rn emanation for soil to be 0.13. They showed not only the moisture but also the temperature of soil and grain size affect emanation of radon due to a reduction in physical adsorption of radon onto soil grains. However, it is difficult to evaluate emanation coefficient of 222 Rn in soil air under thick snowpack in winter.
To investigate characteristics of radon transport in soil air, an equilibrium value of soil radon concentration ( 222 Rn ? ) and relaxation depth (L) was estimated using a set of data on depth distribution profiles of soil radon concentrations ( 222 Rn z ) at a depth of z in summer (Yakovleva 2005; Vaupotič et al. 2012 ). According to Vaupotič et al. (2012) , the depth profiles were varied with different points of the site depending on moisture condition, which they have still checked in detail. However, a typical one obtained at a point close to the continuous radon probe was used for the purpose in this study (Fig. 5 ) (Vaupotič et al. 2012) . Mean values for 222 Rn ? and L in summer were obtained to be 23.1 kBq m -3 and 1.1 9 10 -1 m at the observation point, respectively. The equilibrium value of 222 Rn concentration thus obtained in summer was assumed to be similar in winter because of the assumption that changing air-filled porosity may be a predominant factor affecting emanation of 222 
Using the values of the relaxation depth and decay constant of 222 Rn (2.16 9 10 -6 s -1 ), effective diffusion coefficient of 222 Rn (D e ) was calculated to be 5.0 9 10 -9 m 2 s -1 in winter with the following Eq. (2). This value was about 20 % of that in summer (2.7 9 10 -8 m 2 s -1 ).
Among a variety of data accumulated on effective diffusion coefficients of radon in the literature, not so many reports have been concerned with the behavior of soil radon in winter (Hassan et al. 2009 ). Yamazawa et al. (2005) studied radon diffusion in soil air in winter both in the laboratory and in the field. According to them, effective diffusion coefficients obtained in the laboratory decreased by a factor of about two in moist soils compared with those for dry soils. They concluded the existence of snow cover considerably reduced the radon exhalation to a few percent of that of no-snow seasons ascribing to wetting snow-soil interface.
The values for effective diffusion coefficient D e obtained in this study may be reliable within a category of clayey soils with high humidity in the dataset published by Argonne National (2012) in US (http://www.ead.anl.gov/ resrad/datacoll/radon.htm).
The results on diffusion coefficient of 222 Rn were then used to evaluate radon flux density from the ground surface (Yakovleva 2005) . The 222 Rn flux at the soil surface (F Rn ) was calculated using the following Eq. (3):
where D e , p a ,
222
Rn ? and L denote effective diffusion coefficients (m -2 s -1 ), air-filled porosity (-), steady state 222 Rn activity concentration (Bq m -3 ) and relaxation depth (m), respectively. The obtained values on 222 Rn flux at the soil surface of our site were B0.4 and B1 mBq m -2 s -1 in winter and in summer, respectively, which varies depending on varying air-filled porosity. The result indicates that under a winter condition including low soil 222 Rn concentration and stable soil temperature (0°C) in our site, transport of 222 Rn in soil air was about 40 % in magnitude compared with that in summer.
Seasonal variation in radon fluxes were evaluated by Griffiths et al. (2010) . They constructed a time-dependent map of 222 Rn flux density at the Australian land surface with a spatial resolution of 0.05°and temporal resolution of Schery et al. (1989) in the same site. The radon flux obtained in this study was more than one order of magnitude lower than theirs reflecting geological and meteorological backgrounds.
As shown in Table 3 , summarizing analytical results of 222 Rn concentration in soil air and in pore space of snow, about 5 % of 222 Rn in soil air may be degassing from the ground surface. It means that a small amount of radon would have been released from soil pores to the overlying snowpack during winter months.
Assuming that 222 Rn in soil air is transported steadily to the overlying snowpack, the time (t) for the radon at the soil surface to be in the same concentration in a definite volume of overlying snow could be estimated using Eq. (4):
where C Rn is the 222 Rn activity concentration in snow (Table 3) , S and V are surface area (m 2 ) and volume of snow sample (m 3 ), respectively. The values of V and S were to be 1 9 10 -3 m 3 and 2 9 10 -2 m considering the experimental procedure for snow sampling. The symbols, F Rn , k Rn and t denote radon flux at soil surface in winter (0.4 mBq m -2 s -1 ), decay constant of 222 Rn (2.16 9 10 -6 s) and time required for 222 Rn at soil surface to be the same concentration in snow. The value of t was estimated from a regression curve of C Rn values in Table 3 plotted against hypothetical t values as shown in Fig. 6 .
The result in Fig. 6 suggests that about 1.4 h is necessary for 222 Rn at the soil surface entering into the snowpack to be in the same concentration as that in snow just above the ground surface. With respect to transportation of radon in soil, some carrier gases like CO 2 and CH 4 may be important in several forms (gas-phase flow, water displacement by a gas, gas slugs and bubbles) depending on ''in situ'' environment (Etiope and Martinelli 2002) . The result obtained in this study may be the first to show the behavior of 222 Rn in soil under snowpack in winter. A simulation study is now proceeding to elucidate 222 Rn transport in the snowpack by considering physicochemical properties of snow itself. Long-term monitoring of 222 Rn concentration in soil air is still necessary to evaluate spatial variability of soil radon level in the whole seasons in detail for better understanding the behavior of radon in winter (Vaupotič et al. 2012 ).
Conclusions
Radon ( 222 Rn) in soil air was found to be released from the pore space of soil to overlying snowpack in winter in our test site in Sapporo, Japan. The amount is so small that it takes about 1.4 h to be the same concentration in snow measured independently. It may be the first observation that the radon is not only accumulated in soil air under snowpack in winter, but released to the ground surfaces. Rn in snow (C Rn ) as a function of time (t) necessary to be the same concentration of released radon from the soil surface
